Abstract We have collected a large number of accelerograms recorded by the Taiwan Strong Motion Instrumentation Program (TSMIP) stations to study the thickness variations of Quaternary alluviums beneath Lan-Yang Plain, Taiwan, using an Sp converted wave. The estimated thicknesses of the Quaternary sediments inferred by the travel-time difference of S and Sp waves are between 200 and 1400 m and become thicker toward the northeast. In general, our resulting features of the time difference of arrivals between Sp and S waves are consistent with the previous studies on thickness variations of the Quaternary alluviums beneath Lan-Yang Plain assuming the converting point is at the unconsolidated Quaternary alluvial sediments-Miocene basement interface. Our study suggests that this technique of using P-S converted phases could be applied to the other populated basins or plains in the Taiwan region based on its dense coverage of the TSMIP stations and high seismic activity. This technique is simple and time effective and can be used to determine the general characteristics of velocity/thickness structure of a study area.
Introduction
It is well known that unconsolidated, alluvial sediments have a profound effect on the characteristics of ground shaking because of a strong impedance contrast between soft sediments and the underlying hard basement rock (Aki, 1988; Darragh and Shakal, 1991; Langston, 2003a) . In addition to high values of site amplification and anelastic attenuation (Phillips and Aki, 1986; Langston, 2003b) that are commonly recognized as effects of near-surface soft, low-velocity sediments, P-S converted phases (i.e., P-to-SV or SV-to-P conversions) could be efficiently produced at a sedimentbasement boundary of a strong impedance.
P-S converted waves have been used to map interfaces at a wide range of scale lengths. The discontinuities between lower crust and upper mantle (e.g., Moho discontinuity) and subducting lithosphere boundary have been mapped by P-S conversions (Snoke et al., 1977; Ruppert et al., 1998; Frederiksen et al., 2003; Serrano et al., 2003; Zeyen et al., 2005) . In the upper crust, the P-S converted phases generated at the interface between the Cenozoic unconsolidated sediments and the underlying rocks have also been studied to constrain the sediment-basement boundary (Andrews et al., 1985; Chen et al., 1996) . Hough (1990) provided an encouraging example of using P-S conversions generated at a very shallow depth to constrain the thicknesses of lowvelocity, Quaternary alluvium and Holocene mud in the San Francisco Bay area.
Lan-Yang Plain of northeastern Taiwan island is a flat, alluvial delta with an approximately equilateral triangle shape of about 30 km long at each side and located at the western terminus of the south Okinawa Trough (Fig. 1a) . Lan-Yang Plain is bounded by the Hsuehshan and Central mountain ranges on its northwestern and southern sides, respectively. Inside the Lan-Yang Plain, most sediment is unconsolidated Quaternary alluvium, which is divided into two units: upper recent Holocene alluvium and lower Pleistocene clay (Chiang, 1976) . According to seismic survey by the Chinese Petroleum Corporation presented in the study of Chaing (1976) and refraction survey of Wen and Yeh (1984) , the unconsolidated Quaternary alluvial sediments of Lan-Yang Plain are underlain by the Miocene base complex, which has a P-wave velocity of 3:3-4:0 km=sec. The P-wave velocity of overlying recent alluvium and Pleistocene layer are of 1:4-1:7 km=sec and 1:8-2:0 km=sec, respectively. The deepest depths of recent alluvium and Pleistocene layer are about 400 and 1600 m, respectively. Figure 1c depicts the P-wave velocity structure of Lan-Yang Plain. The P-wave velocities and layer thicknesses are given in Chiang (1976) and Wen and Yeh (1984) . In general, the Miocene basement tilts and the alluvium thicknesses become thicker both toward the northeast. Furumura et al. (2001) observed large amplitude fundamental-mode Love waves in Lan-Yang Plain during the 1999 Chi-Chi earthquake. They suggested that Love waves were generated from multiple SH-wave reflections between the free-surface and sediment-basement interface; in other words, the hard basement creates an effective bounded environment to the overlying alluvial sediments in Lan-Yang Plain. Based on the velocity contrasts between Quaternary alluvium and Miocene basement and Love-wave generation observed and modeled in the study by Furumura et al. (2001) , our working hypothesis for this study is that P-S converted phases are started from P and SV waves interacting with the interface between unconsolidated Quaternary alluvial sediments and Miocene basement but not with the other deeper or shallower seismic impedance boundaries. Besides the favorable factors of velocity structure setting for generating P-S converted wave, Lan-Yang Plain in northeastern Taiwan is situated on a high seismicity region, which provided abundant local seismic events that have been carefully chosen in this study. P-S converted phases are commonly observed at the Taiwan Strong Motion Instrumentation Program (TSMIP) stations within Lan-Yang Plain. Figure 2a and b show a simple illustration of P-S converted phases and an example of typical S-to-P converted phase (Sp) recorded at an TSMIP station within Lan-Yang Plain from a local earthquake.
The main objective of this study is to use travel-time differences between direct S waves and converted Sp waves to infer the thickness variations of the unconsolidated Quaternary alluvial sediments beneath Lan-Yang Plain. We will show that our resulting distribution of the time difference of arrivals between S and Sp waves is consistent with the thickness contours of Quaternary sediments at Lan-Yang Plain from large-scale seismic refraction/reflection surveys (Chaing, 1976) .
Data Acquisition and Analysis
We used the accelerograms from local earthquakes recorded by the TSMIP (Shin, 1993; Liu et al., 1999) strongmotion stations situated on Lan-Yang Plain (Fig. 1b) . TSMIP, operated by the Taiwan Central Weather Bureau (CWB), consists of over 800 strong-motion stations as of 2008 located throughout the Taiwan island and has being recording earthquake strong motions since 1992. The TSMIP stations are equipped with three-component, force-balance accelerometers with a 16 or 24 bit resolution digitizer at a sampling rate of 200 Hz or higher. The instrument acceleration response of each station is flat from direct current to about 50 Hz.
We collected the seismic events between 1993 and 2007 that were located in the northeastern Taiwan region and recorded by the TSMIP stations of Lan-Yang Plain. In general, the earthquake catalog in Taiwan is provided by the Central Weather Bureau Seismic Network (CWBSN). The earthquake locations used in this study were relocated using 3D V P and V P =V S models (Wu et al., 2007 (Wu et al., , 2008 Wu, Shyu, et al., 2009; and incorporating the CWBSN, TSMIP, and Japan Meteorological Agency stations. In total, about 900 stations were used for earthquake relocation. The 3D location method of Thurber and EberhartPhillips (1999) was used in this study, in which theoretical travel times of P and S waves are calculated by 3D ray tracing (Thurber, 1993) . On the other hand, the CWBSN earthquake catalog only uses CWBSN stations (about 90 stations) and the 1D velocity model of Chen (1995) . As a result, the relocated earthquake catalog has been proven to yield a better constraint on earthquake location than the CWBSN earthquake catalog (Wu et al., 2008 ). More precise earthquake locations are needed to better define the geometric relation between stations and earthquakes, which in turn, will enable us to better select a local earthquake having more vertically propagating waves interacting with the Quaternary sediments of Lan-Yang Plain.
In this study, we only considered the local earthquakes that had not traveled rather long distances, which might complicate P and S arrivals. In order to confine P and S waves to those polarized on the vertical and horizontal components, respectively, we chose local earthquakes that have a takeoff angle greater than 150°and a focus depth deeper than 6 km. These criteria on takeoff angle and focus depth are based on an attempt to better conform vertical incidence of local propagating body waves when crossing the sediment-basement interface. We calculated the takeoff angle by simply connecting an earthquake focus and a recording station with a straight line, and from this we defined the takeoff angle as the angle rotating clockwise from the down vertical to the connecting line. In our study we used the Sp converted phase instead of Ps (P-to-S) phase. Because a sediment-basement interface is very close to the ground surface compared to the Moho discontinuity, a Ps wave is more prone to be affected by the source rupture duration or contaminated by a P coda than an Sp wave. Therefore, an Sp wave is more distinct and observable than a Ps wave where a converting point is shallow, such as at a base of unconsolidated embayment (Andrews et al., 1985; Chen et al., 1996; Langston, 2003a) . The Sp phase from a single, smooth interface with an abrupt velocity contrast of a local earthquake should be simple and be similar to the P-wave or S-wave pulse.
After applying the previous selection criteria on takeoff angle and focus depth of the relocated local earthquakes between 1993 and 2007, there are a total 529 events recorded by 55 TSMIP stations at Lan-Yang Plain and 1335 manually picked time differences of S Sp arrivals. Among the 55 TSMIP stations that provided recordings of the events, 11 stations provided less than 10 records of time difference of S Sp arrivals and were not used in our study (Fig. 1b) .
Results Table 1 lists the information on locations of the TSMIP stations and seismic events and event numbers, mean S Sp travel-time differences, and their corresponding standard deviations for each of the 44 TSMIP stations. The spatial distribution of the resulting time differences of S Sp arrivals is plotted in Figure 3a . Note that the general pattern of spatial distribution shown in Figure 3a will not change whether the 11 stations that provided less than 10 records are used or not. In order to justify the spatial distribution shown in Figure 3a , we compared it with the thickness contour of the Quaternary sediments beneath Lan-Yang Plain (Chiang, 1976) in Figure 3b based on a working hypothesis that the Sp-converted phase is started at the Pleistocene sediments-Miocene basement boundary from nearly vertically incident SV waves. Figure 3b shows that the boundary between the Pleistocene sediments-Miocene basement has a basinlike shape with a deepest section around the western side of the Kueishantao Sea area of about 1600 m and that the thicknesses of the overlying Quaternary sediments become thicker toward the northeast. Comparisons between Figure 3a and b show that the spatial distribution of the time differences of S Sp arrivals are consistent with the general features of the thickness contour of the Quaternary sediments implying that thicker Quaternary sediments correspond to a larger S Sp traveltime difference.
The time difference of S Sp arrivals can be related to the layer thickness in a single, flat layer model (Fig. 2a) from a vertically incident wave by
where H is the depth to the wave converting point, V P and V S are the average P-and S-wave velocities of the layer, and dt S Sp is the S Sp travel-time difference. Brocher (2005) presented empirical relations among V P , V S , and density for the Earth's crust. He proposed the Brocher's empirical fit equation (equation 11 in Brocher, 2005) to empirically estimate Poisson's Ratio (i.e., V P =V S ratio) as a function of V P , which is valid for typical V P values of Quaternary alluvium lying between 1.5 and 3:0 km=sec. Therefore, one can assign V P and dt S Sp values and then get an H value using equation (1) through application of the Brocher's empirical fit equation to find the V P =V S ratio first. The V P =V S structure beneath Taiwan obtained in Wu et al. (2007) by seismic tomography has a shallowest grid point at a depth of 2 km, which is greater than the expected thickness of the unconsolidated Quaternary alluvium at Lan-Yang Plain. Figure 4 plots the Quaternary alluvium thickness at LanYang Plain as a function of V P and dt S Sp . For the TSMIP stations located at the northeastern location of Lan-Yang Plain with a dt S Sp of about 1.2 sec (Fig. 3a) , we found that an average V P of about 2:0 km=sec will give an adequate estimation of the sediment thickness (Fig. 4a) comparable to that obtained in Chiang (1976) . Around the western and southern sides of the boundary of Lan-Yang Plain, a dt S Sp of 0.6 sec yields comparable sediment thicknesses of about 200-400 m (Chiang, 1976) giving an average V P of about 1:65-1:8 km=sec (Fig. 4b) . A slower average V P around the boundary than that of the northeastern of Lan-Yang Plain is qualitatively explained by the thinning of the Pleistocene alluvium toward the edge of Lan-Yang Plain and the northeastward thickening of the Pleistocene alluvium, which has a slightly faster P-wave velocity than the overlying recent Holocene alluvium. The estimated thicknesses of the Quaternary sediments beneath Lan-Yang Plain inferred by the travel-time difference of S and Sp waves are overall between 200 and 1400 m and are in agreement on that of Chiang (1976) .
The standard deviations of S Sp travel-time difference (Table 1) could arise from a variety of sources such as Figure 3a , the corresponding thickness of the Quaternary alluvial sediment is 1.2-1.4 km, as indicated in Figure 3b and reflects an average P-wave velocity of the sediments of about 2:0 km=sec. (b) For dt S Sp 0:6 sec, the inferred average P-wave velocity of the sediments is about 1:75 km=sec. seismic noise, picking uncertainty, and thickness/velocity variations beneath each station, etc. In general, the standard deviation decreases as the number of recordings increases (Fig. 5a ) suggesting canceling of seismic noise or picking uncertainty. Stations ILA004 and ILA008 are two notable exceptions in Figure 5a that both show large values of recording numbers and standard deviation implying site structure variations or strong background noise at these two stations. Undoubtedly, a more detailed investigation is needed to support our conclusions. Figure 5b shows the spatial distribution of the standard deviation and does not show prominent localization or patterns.
Conclusion
A large number of high-quality accelerograms were collected by TSMIP strong-motion stations of Lan-Yang Plain from numerous local earthquakes occurring between 1993 and 2007 to estimate the thickness of Quaternary alluvium beneath Lan-Yang Plain using Sp converted waves. In general, the resulting features of the time difference of arrivals between Sp and S waves and their inferred thicknesses are consistent with thickness variations of the Quaternary alluvium beneath Lan-Yang Plain obtained in Chaing (1976) and Wen and Yeh (1984) by seismic reflection/refraction measurements. Therefore, commonly observed P-S converted waves at the TSMIP stations of Lan-Yang Plain are likely started with propagating P and S waves interacting with the Pleistocene sediments-Miocene basement interface. Such a sediment-basement interface might have important implications for earthquake hazard assessments such as generation of multiple SH-wave reflections as observed in Furumura et al. (2001) .
We have presented a first attempt on using Sp converted phase from a dense strong-motion array (TSMIP) in Taiwan to investigate the thickness variations of an alluvial plain, Lan-Yang Plain. Our study implies that a dense coverage of the TSMIP stations and high seismic activity throughout the Taiwan region could serve to provide high-quality and high-quantity P-S converted waves to study sediment thickness or velocity structure for the other populated areas situated on a basin or plain such as Chianan Plain, Pingtung Plain, or Taipei Basin in Taiwan or the other similar places around the world. This technique of using an Sp converted phase is simple and time-effective and can be used to preliminarily define the general characteristics of velocity/thickness structure for a region with available converted phases before conducting comprehensive onsite geophysical surveys.
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